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ABSTRACT
Analyzing the Safety Effects of Advisory Bike Lanes for All Road Users
Marcial Fernandez Lamera
This thesis acts as one of the first studies that analyzes the safety effects of
Edge Lane Roads (ELR) for all road users. This is important since ELRs can be a
solution to many issues, such as alleviating congestion, increasing multimodality
along roadways, and reducing maintenance costs. ELRs in both North America
and Australia were observed. Starting with the North American ELRs, the
following study designs were employed to estimate the safety of ELRs: (a) yoked
comparison where each ELR installation was matched with at least two
comparable 2-lane roads to serve as comparison sites and (b) an Empirical
Bayes (EB) before/after analysis for ELR sites where requisite data on AADT and
other relevant characteristics were available. Crash data was collected and
compiled into four different groups: ELR before implementation, ELR after
implementation, comparison site before ELR implementation, and comparison
site after ELR comparison. The yoked comparison showed 9 of the 13 sites that
had lower crash counts compared to their respective comparison sites. The EB
analysis showed all 11 ELRs that were observed demonstrated a reduction in
crashes. Moving to the Australian ELRs, the following study designs were
employed: (c) analysis of general crash counts/trends, and (d) reverse EB
analysis. The analysis of general crash counts and trends showed that each of
the Australian ELRs exhibited very low amounts of crashes for 5 years, which
iv

further shows how safe these facilities are. Moving forward to the reverse EB
analysis, 5 of the 8 ELR sites demonstrated a reduction in crashes. Overall, the
results were generally favorable and indicated that ELRs provided a safer
experience for cyclists, drivers, and pedestrians. More analysis is recommended
as more data becomes available on these ELRs. Examples of this include using
pedestrian and bicycle data to better understand the safety effects VRUs
experience on North American facilities or gathering enough crash data to
conduct 3-year reverse EB analyses for ELRs that were expanded to 2-lane
roads. Hence, a recommendation can be made to implement a few experimental
ELRs in rural locations throughout the State of California to help it meet its SB-1
objectives.

Keywords: Edge lane roads, Advisory Bike Lane, Comparison Sites, Empirical Bayes Method,
Before after safety evaluation,
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CHAPTER 1: INTRODUCTION
Edge Lane Roads
An edge lane road (ELR) is characterized by unconventional roadway striping
that provides one wide central travel lane which allows for bidirectional motor
traffic as opposed to the typical two-lane design, with one lane reserved for each
direction of travel. On either side of this central lane are two wide shoulders, also
known known as edge lanes, that are spaces specifically reserved for vulnerable
road users (VRUs) to use and travel along, primarily bicyclists and pedestrians.
Should there come an instance where two vehicles are approach each other on
the center lane of travel, both drivers may maneuver and dip into the edge lanes
to safely pass each other after yielding to VRUs. The center travel lane is
separated from the edge lanes with broken line markings, which is intentionally
designed to allow vehicles to dip into the edge lane whenever necessary to
safely pass an approaching vehicle. Figure 1 below displays what an ELR looks
like from an aerial view while also providing certain scenarios that depict different
movement patterns that each road user can make, depending on the scenario.
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Figure 1: Typical ELR Design and Operation (FHWA’s Small Town and Rural Multimodal
Networks, 2016)

These roads provide multiple advantages and benefits to encourage
multimodality by allocating roadway space for non-motorized travelers, which can
greatly improve pedestrian and cyclist access and safety. They also prove to be
a cost-effective option, as they are not only cheap to implement, but will also be
cheaper to maintain in the long run because moving vehicles to the center of the
roadway is ideal in reducing the amount of maintenance the roadway needs
since the pavement in the center is stronger and thicker than it is on the edges.
While there are many potential safety effects posed by ELRs, some may think
that the use of a single moving lane for vehicles traveling in two directions is too
unconventional or unsuitable for use in the US. However, the AASHTO
Greenbook addresses ELRs as an acceptable design for local streets in urban
areas, although it requires centerlines be placed on all urban collectors and
arterials with an Average Daily Traffic (ADT) of 6,000 or greater. Two-way
operation on a one-lane road is also explicitly supported by the 2001 AASHTO
Guide on Low Volume Road for roads with fewer than 400 average daily
vehicles.
2

A Brief History of Edge Lane Roads
Though fairly unknown not yet heavily used in the United States, ELRs have
actually been around for years in countries outside of the United States, even
decades in a few of these places. A report from the 2013 International Transport
Forum listed ten countries that had been using this roadway design consistently
as of 2013, with three of these countries reporting ELR implementation and use
that dates all the way back to before 1970. The Netherlands is credited with
being the country that first designed and implemented these types of roadways.
In the Dutch language, they are known as ‘suggestiestroeken’, which translates
in English to ‘suggestion lanes’, another term for edge lanes. Today, the country
now has more than 1000 kilometers of ELRs within its country, and many Dutch
road users are accustomed to using these types of facilities on a regular basis,
whether they be walking, biking, or driving. Studies conducted on these facilities
in the Netherlands found that both motorists and cyclists move away from the
edge of the road as a result of ELR installation. This reaction in turn reduces the
likelihood of single-lane roadway departure crashes along with crashes involving
cyclists and/or pedestrians, ultimately enhancing the safety effects that all road
users will experience. While other countries have been using these facilities for a
long time, they are fairly new in the United States and are not wide-spread or
well-known among general American road users.
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Edge Lane Roads in the United States
The first official mention of ELRs in the US was by the City of Portland in its 2010
bikeway facility design guidance. After that, there were two official sources that
emerged which provide guidance for designing and implementing ELRs in the
US. Both of these sources were compiled and published by the Federal Highway
Administration (FHWA). The first source is the Small Town and Rural Multimodal
Networks guide and the second is the FHWA webpage addressing
experimentation with ‘dashed bicycle lanes’. While these provide a good
framework to implement ELRs in the US, they are not as widespread as they are
in countries. The reason for that is because they are fairly new roadway design in
the US, and as such ELRs are currently classified as “experimental treatments”
by the FHWA to determine whether or not they are safe and effective to
implement throughout the US. As of August 2020, there are approximately 40
ELR installations located in the US and Canada. All of the ELRs in the US have
been approved as experimental installations by the FHWA and will provide data
on safety and performance.
While there is a decent amount of guidance that informs ELR design and
implementation that has been published, the same cannot be said for safety
analyses of ELRs. In fact, there is none at all as there is no peer-reviewed
research that has been published that focuses on the safety effects that ELRs
have on road users. However, there has been research on the safety effects of
related bicycle facilities like exclusive bike lanes, shared-lane markings
(sharrows), and dashed bike lanes at intersections which are all components of
4

ELRs. The studies on these specific treatments have helped inform to how safe
and effective ELRs can be for cyclists and pedestrians. There have also been
several studies conducted which found that wide, paved shoulders reduce the
incidence and severity of run-off road conditions, which show the safety potential
ELRs provide for motorists, though there has been no work published focusing
explicitly on ELRs themselves. Since there has been no published work done yet,
this thesis aims to provide a basis and framework for safety analyses of ELRs
using the methods described in the Highway Safety Manual (HSM). Meanwhile,
the FHWA will also be conducting a safety analysis of the ELRs in the US.

Purpose of Study
While unconventional in design, ELRs are valuable because they inexpensively
provide facilities for vulnerable road users (VRUs) to use on miles and miles of
local and collector roads, especially in the US. They are effective solutions for
providing bike and pedestrian access to travel along roads that are too narrow or
do not enough space on either side to expand and add standard bike lanes or
sidewalks. Another way ELRs can be used is to reduce the rate of single-vehicle,
roadway departure crashes on low-volume, high-speed two-lane rural roads due
to cars driving on the center of the roadway rather than on the edge. These many
benefits and advantages that ELRs provide can change the way people view and
implement multimodality measures in this country.

5

However, as mentioned above, there has been no published, peer-reviewed
research yet that focuses on analyzing the safety effects ELRs provide. The
purpose of this study is:
1. To provide a basis and framework for conducting safety analyses on ELRs
using the methods outlined in the HSM and other literature.
2. Analyze ELRs that exist in Australia on low-volume rural roads to learn
from their experience and see if these may be a potential option in US

The analyses conducted in this thesis will primarily focus on the safety effects of
ELRs compared to traditional centerline treatments. The reason why we are
specifically comparing ELRs to 2-lane roads is because most of the concerns
surrounding implementing more of these facilities in the US are its
unconventional single lane for bidirectional travel. By directly analyzing ELRs and
2-lane roads side-by-side, we can determine whether or not the concerns
surrounding ELRs in the United States are reasonable or are solely based on the
fact that the design of the roadway is unconventional and may be difficult to
navigate when first travelling along one of these facilities.

This study will set the groundwork for future studies and analyses on ELRs and
their safety effects when compared to traditional two-lane roads. The thesis is
organized as follows: The next chapter will focus on the analysis of existing North
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American ELRs, including study site selection, data collection, and safety
analysis methods used to identify and inform safety effects. The chapter after
that will focus on the analysis of Australian ELRs and will include the same
information listed above for the analysis of North American ELRs. The last
chapter will describe and interpret the results and conclusions of these analyses
as well as any recommendations and next steps to propose depending on what
the results are from these various analyses.
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CHAPTER 2: NORTH AMERICAN ELR SAFETY ANALYSIS
Background and Considerations
The different safety analyses used in this chapter are the same ones used in
Huang’s safety analysis of road diets, specifically the analysis of crash trends in
the ‘before’ period and the standard yoked comparison (Evaluation of Lane
Reduction “Road Diet” Measures on Crashes and Injuries, 2002). It was decided
to also include an Empirical-Bayes (EB) analysis of these ELRs as well because
it is a way to directly compare how many crashes were experienced on the ELR
with how many crashes were expected to occur along that facility should it have
remained a 2-lane road.

Study Site Selection
Because ELRs are a relatively new roadway design in North America, the ones
that currently exist in the United States are still in the experimentation stage of
implementation. the criteria for choosing which ELRs to analyze was not
extensive as the only requirement for an ELR to be used in this study is if it has
at least 3 years of crash data available both pre- and post-installation. There are
approximately 38 known ELRs that have already been installed throughout North
America in the United States and Canada. After having applied the requirements
mentioned above for my analysis, only 13 of these sites met the 3-year crash
data requirement. Table 1 below shows which facilities that we decided to use for
this analysis along with a few basic attributes. As seen below, the ELR facilities
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range in length from 1100 feet (0.08 miles) to 4800 feet (0.91 miles). In terms of
speed limits, all facilities had a posted speed limit within the range of 20 MPH to
30 MPH, with a majority of them having a posted speed limit of 25 MPH. 11 of
the 13 ELR installations were classified as urban facilities.

Table 1: List of North American ELRs with Available Crash Data

In addition to these 13 ELRs, there is also 34 comparison sites that were
identified. Each of these roads are undivided with two lanes and are located near
their designated ELRs. OpenStreetMap (OSM) is the application that allows its
users to filter through editable maps of the world and was used to identify the
comparison sites. The following characteristics were specified within OSM to find
comparison sites for each ELR: functional classification, number of lanes,
pavement width, presence of side walk, and type of parking (OpenStreetMap).
There were few instances where OSM was missing information or maps on
certain areas, and Google satellite images had to be used instead to identify
nearby roads to be used as comparison sites by measuring the width of the road
9

or verifying the presence of a sidewalk. It is important to note that for the North
American facilities, AADT and speed limit were not used as criteria for selecting
comparison sites. The focus for this analysis was to choose comparison sites
based on their physical characteristics and geographic location relative to their
ELRs. Once this process was finished and the filters were applied to OSM, each
ELR had 2-3 comparison sites located within the same vicinity that were
identified for use in this analysis. A list of each comparison site and its location
accompanied by its respective ELR to create matched groups can be found on
Table 2.
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Table 2: List of Comparison Sites for North American ELRs

11

Data Collection Methods
Moving forward to the data collection step, it is important to first identify what kind
of analyses and methods will be used to identify safety effects first. A before-after
approach was optimal for this project as it is effective when conducting safety
analyses through comparisons between treatment sites and control sites. As
such, the ‘before’ period for each ELR and its respective comparison sites is
defined as the time before the ELR was implemented while the ‘after’ period
refers to the time after the ELR had been implemented. For the group of North
American ELRs, there are three analyses that will be conducted: Crash trends of
ELRs and their comparison sites in the years before the ELR was implemented
and an Empirical-Bayes (EB) analysis. The rationale and process of both
methods are talked about further within their respective subsections, but they
both require traffic volume data and crash data. Table 3 below shows the specific
data required for each analysis. An important thing to note is that there as a 3month cushion provided before and after the ELR was installed, during which no
crash data was collected. The reason for this cushion is to ensure that the
crashes that do occur along this facility are caused by the ELR’s unique roadway
design, not by lane closures, construction zones, or just time needed for drivers
to adjust from driving on a traditional 2-lane road to an ELR.
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Table 3: Data Needed for ELR Safety Analysis

Because there is a total of 47 facilities that will be analyzed and are located in
various cities and states scattered throughout the United States, there was
several sources from which data was collected and compiled. For each ELR, we
found the official transportation authority that’s in charge of maintaining these
roads and used whatever tools, records, and contacts were available to extract
the data that was needed. Table 4 below shows the transportation agencies that
were identified as reliable sources from which traffic and crash data can be
collected. It is important to note that the ELR’s and their assigned comparison
sites used the same data sources to maintain consistency within the matched
groups. The data itself was extracted by myself along with a few undergraduate
student assistants that were brought on to provide additional assistance for the
project. It was obtained through a combination of various means and channels,
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whether the data was available directly through online records, query tools,
and/or GIS databases or indirectly via submitting data request forms and/or
contacting local transportation officials.
Table 5 shows a summary of the data collected for each of the North American
ELRs. The “Before ELR Installation” data represents the 5-7 years before the
ELR was implemented while the “After ELR Installation” data represent 2-3 years
after. Table 6 shows a summary of data that was collected for the comparison
sites. An important thing to note is that AADT data for the comparison sites were
not collected as we are not analyzing them using Empirical Bayes method.
Another thing to point out is that that the “before” and “after” time periods that
were used for ELRs were the same one used for their respective comparison
sites. This was another way to maintain consistency within the matched groups.
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Table 4: Data Sources for each ELR
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Table 5: Summary of Data Collected for North American ELRs
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Table 6: Summary of Data Collected for North American Comparison Sites

17

Crash Trends in ‘Before’ Period
Once all the necessary data was collected, the first step in this analysis is to
calculate and compare crash count trends in the ‘before’ period for ELRs and
their corresponding comparison sites, similar to what was done in Huang’s
evaluation of road diets (Evaluation of Lane Reduction “Road Diet” Measures on
Crashes and Injuries, 2002). This is an important step to take, because these
comparison sites were initially selected based on their physical characteristics,
not on having traffic or crash volumes. As this is the case, analyzing and
comparing the crash trends of the matched comparison groups ensures that the
comparison sites that were initially identified for potential use have similar or
identical crash trends. This is crucial in justifying and legitimizing their roles as
comparison sites for the next step in this analysis. Year-by-year crash counts in
the ‘before’ period was compiled and recorded for each individual matched
group. The number of years ‘before’ the ELR was installed from which this data
was collected for varies based on the availability of data by their respective
transportation agency/authority, and ranges from 5 to 7 years. Table 7 below
shows an example of how the yearly crash trends were compiled and analyzed
for each ELR and their respective comparison sites, with Bridge Street serving as
the example. In this specific example, which had 7 years of data available in the
‘before’ period.
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Table 7: Example of Crash Trends for ELR and Matched Comparison Sites

A statistical t-test was then conducted that compares average annual crashes at
each ELR site with their respective comparison sites. The t-test outputs a p-value
that represents correlation of crash trends within the matched comparison
groups. As such, this number informs the decision of whether or not to reject the
null hypothesis. For this particular scenario, the null hypothesis is that there are
no statistically significant differences between crash counts on treatment and
control sites. If the calculated p-value is less than 0.05, it could mean that the null
hypothesis could be rejected and requires further consideration. If the calculated
p-value is greater than 0.05, we accept the null hypothesis and can conclude that
the ELRs have strong comparison sites that can be used for analysis. Table 8
below shows the results of the t-test that was conducted for each comparison
group.
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Table 8: Results of Statistical Comparison of Crash Trends in ‘Before Period’

For four sites (#2, #5, #9, #12), a p-value smaller than 0.05 was yielded, meaning
that the null hypothesis stated above could be rejected. The differences, if
present, between the crash experience of the ELR and their respective
comparison sites for these four locations in the ‘after’ period may not be
attributable to the ELR installation but rather, to pre-existing differences between
the study and control sites. In addition, the other nine locations generated pvalues that showed there was no statistically significant difference in annual
average crash counts between the ELR and their respective sites. Since the
results of this step were favorable and further justified the use of these
comparison sites, it allows for this analysis to continue into its next step.

20

Standard Yoked Comparison
Once the crash trends of the ‘before’ period were analyzed, the standard yoked
comparison can now begin. A yoked comparison is when a treatment site, which
in this case is an ELR, is matched with one or more control sites to observe the
effects that the treatment. This approach is similar to the one adopted by Huang
et al. for the evaluation of complete street, aka road diet, treatments (Evaluation
of Lane Reduction “Road Diet” Measures on Crashes and Injuries, 2002). For
this scenario, the ELRs were matched with 2-lane roads and crash data was
assembled for before and after the ELRs were installed. Thus, the crash data
was assembled into four groups: ELRs in the ‘before’ period, ELRs in the ‘after’
period, comparison sites in the ‘before’ period, and comparison sites in the ‘after’
period.
The length of ‘before’ period length varied considerably from site-to-site,
depending on how much data the responsible authorities/jurisdictions had
available and when the ELRs were installed. For this case, a two-way
contingency table analysis was performed on all 13 ELRs and their
corresponding 34 comparison sites to observe the crashes occurring in the
‘before’ and ‘after’ period for each matched group. Table 9 below shows these
crash counts along with the percentage of crashes occurring in the ‘after’ period
for each site. This calculation is important because it allows me to assess the
effectiveness of the ELRs to see how many of them report a lower percentage of
crashes in the ‘after’ period compared to their corresponding comparison site. A
Fisher’s exact test was done since several of the study sites have small crash
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counts. Similar to the ‘before’ period crash trend analysis, a p-value is provided
as an output for each matched group that shows the correlation between ELR
crash trends relative to their comparison sites crash trends.
As seen below, 9 of the 13 ELRs exhibited lower percentages for the ‘after’
period relative to their comparison sites and are displayed as the sites with green
highlights. For the 4 sites that saw ELRs exhibiting higher ‘after’ percentages,
some of this may be attributed to the ‘pre-existing’ conditions and not to the
safety performance of the ELRs themselves. Moreover, based on Fisher’s Exact
Test, only 1 of these 4 sites had a p-value less than 0.05, which indicates that the
differences in crash trends within site 8 and its comparison sites is statistically
significant. For this site, it was concluded that the results from the yoked
comparison analysis were inconclusive. To help provide a more robust safety
analysis that better estimates and identifies the safety effects ELRs pose when
installed, an Empirical Bayes (EB) approach will be used next.
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Table 9: Results of Standard Yoked Comparison
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Empirical Bayes Analysis
The EB method is a statistical before-after study that analyzes the safety effects
of treatments (ELRS in this case) applied to roadway sites. This method has
been used heavily by transportation engineers for the past 20 years because it is
based on the assumption that accident counts are not the only thing that informs
the safety of a roadway facility. It is a model that can be readily applied once a
calibrated model has been developed for particular site types (intersections, rural
roads, urban roads, etc.). EB method has been officially recommended in Part C
of the Highway Safety Manual (HSM) to be used for site-by-site evaluation of
treatments. This analysis will be great indicator of showing the safety impacts
that ELRs can have on traditional 2-lane roads.
We first want to give a quick overall explanation as to how EB method works as
explained by Hauer in his tutorial for estimating safety using EB (Estimating
Safety by the Empirical Bayes Method: A Tutorial, 2002). The expected accident
frequency is determined through the use of Safety Performance Functions
(SPFs). SPFs take the facility of interest’s most recent AADT value and its length
in miles to produce an output of average accidents a road segment is expected
to experience within the next year. Once the average crash frequency has been
estimated via the SPF, Crash Modification Factors (CMFs) are applied to the
SPF estimate to factor in geometric design and traffic control features to
personalize the analysis and make it more accurate based on existing conditions.
The last step after calculating and applying those AMFs is to find the weight of
the SPF value that was just calculated. ‘Weight’ is an indication of the strength of
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the observed crash dataset and on informs the reliability of the SPF used. After
the weight has been applied to the expected crash frequency, that is the number
of expected crashes the roadway being observed is predicted to experience in
the next year. Figure 2 below provides a visual understanding of the framework
used to conduct a Before/After EB Evaluation as proposed by Hauer.

Safety estimate based on
history of the site before
treatment

Safety estimate based on other
similar sites based on Safety
Performance Functions (SPFs)

Weighted combination based
on variance of the SPF

Counterfactual safety
estimate without
treatment (B)

Estimate of safety posttreatment (A)

Figure 2: EB-Based Before/After Evaluation Framework

For this project’s EB analysis, we followed the HSM’s instructions for completing
EB analyses on both urban/suburban 2-lane roads and rural 2-lane roads. 5
years of crash data before the ELR was installed was consistently used along
with 3 years of crash data after to complete these analyses. It is important to note
that this portion of work will not be using comparison sites and ELRs will be the
only facilities the EB analysis is applied to. This approach requires the estimation
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of expected, counterfactual crash counts as a weighted average of two sets of
crash counts:
1. Predicted crash counts obtained using the Safety Performance Function
(SPFs) equations for urban/suburban or rural 2-lane roads, where Crash
Modification Factors (CMFs) were used to modify SPF predictions based
on site-specific characteristics

2. Average crash counts based on the 5-year crash history of the sites
before ELR installation

The resulting yearly crash frequencies calculating using the EB method were
compared with the actual observed crash frequencies on the ELRs 3 year after
they were implemented. This allows us compare the predicted accidents that
would have occurred along the facility if it remained a 2-lane road with the
observed accidents that actually happened on the ELR, giving us a direct means
of observing their safety effects. To make it easier to see and quantify these
safety effects, we estimated Crash Modification Factors (CMF) for each site,
which is just a ratio of the actual experienced crash rate over the expected crash
rate calculated using the EB method. A CMF of less than one implies that the
facility experienced a crash reduction and shows that the ELR has experienced
less crashes than the predicted amount. The results of the completed EB
analysis can be seen below in Table 10. It is important to note that the calculated
number of crashes the facility is expected to experience reflects the amount of
crashes that would have happened on that facility if the ELR was never installed
26

and it remained a conventional, 2-lane road. Hence, this analysis provides a
side-by-side scope of observing how the crash rate will look when the facility is
given the treatment versus if the facility is kept exactly the way it is, such as a
control site.

Table 10: Results of EB Analysis

Based on the results, all 11 of the ELRs that underwent EB analysis showed a
reduction in crashes after installation occurred. It is important to note that Quaker
Street and 2nd Avenue were not analyzed because they were implemented in
2018 and 2019, and there is not 3 years of ‘after’ data available yet to accurately
calculate a CMF for that facility. ELR sites #1 and #7 did not report any crashes
in the 3-year ‘after’ period, which is why their CMFs equal 0. This is a very good
indication, which will be explained further in the next section.
Something important to mention is that the CMFs for urban/suburban roads and
rural roads were different because the HSM has different sets for each road
classification. For urban/suburban areas, the AMFs that were applied were those
accounting for on-street parking and roadside fixed objects, while the AMFs
applied for rural facilities were lane width and shoulder width/type. The initial
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intent was to use lane width and shoulder width/type as AMFs for both rural and
urban roads, but the HSM did not provide these as options for 2-lane roads in
urban/suburban areas.

Results and Discussion
Starting with the results of the yoked comparison, they were somewhat
inconclusive on the effectiveness of ELRs when it comes to promoting safety for
road users. 9 of the 13 ELRs analyzed had smaller crash percentages in the
‘after’ period than their respective comparison sites, which is promising.
However, it cannot be ignored that the other 4 ELRs exhibited higher ‘after’ crash
periods than their comparison sites. Recalling to earlier in the thesis discussing
how the comparison sites were chosen, these differences in crash trends may be
attributed to the ‘pre-existing’ conditions and not to the safety performance of the
ELRs themselves, though there is no concrete evidence that fully proves this
theory. Thus, the results of the yoked comparison were inconclusive and a more
robust analysis was required that would better inform the safety effects that ELRs
pose when compared to 2-lane roads.
Fortunately, the EB analysis was able to produce more robust results. All 11 of
the observed ELRs resulted in crash reductions, producing CMFs ranging from 0
to 0.806. These results tell us two things. The first is that American drivers did
not have a difficult time transitioning from using 2-lane roads to ELRs and that,
given time, North American drivers can adapt to this new type of roadway fairly
quickly. The second is that ELRs provide benefits promoting higher levels of
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safety compared to their 2-lane counterparts, since all predicted crashes on
those facilities should they have remained 2-lane roads was higher than the
actual observed crashes on the ELR. These findings allow me to conclude that
ELRs are indeed suitable for implementation in the United States, specifically in
California.
This chapter is the most comprehensive observational before/after evaluation of
ELRs in the United States to date. While the results are promising and further the
argument that ELRs provide positive safety effects for all road users, it is
important to recognize that 10 out of the 11 ELRs analyzed using EB method
were urban facilities. In order for this study to be more holistic, it is important that
an analysis of high-speed rural ELRs be included to provide evidence on whether
they reduce roadway departure crashes by providing wider shoulders in the form
of edge lanes. Fortunately, there are other nations around the world that have
used ELRs as rural high-speed facilities, such as Australia and Scotland. While
there was no response from any of the contacts in Scotland to help provide the
data necessary for this analysis, the Department of Transport and Main Roads
from Queensland, Australia provided the data and support necessary to analyze
their ELRs.
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CHAPTER 3: AUSTRALIAN ELR SAFETY ANALYSIS
Background and Considerations
The reason we have decided to include Australian ELRs in my analysis and not
just make recommendations based off analyzing North American ELRs is simple.
Since we are looking to see whether or not ELRs are feasible for implementation
on rural roads in California, most of the North American ELRs are located in
urban settings and experience different volumes and user behavior that may not
accurately inform their effectiveness in rural settings. As such, we decided to
include ELRs in Australia as part of this analysis because they could provide us
with that insight. More specifically, the state of Queensland has a few of these
ELR-type facilities that are located in rural settings and have significantly lower
traffic volumes that more accurately mirror rural roads in the US. Incorporating
these facilities ensures that this safety analysis is more holistic because it
provides me with a general insight to American driver expectations and reactions
when using ELRs while determining the suitability of these facilities in high-speed
rural settings.
Before getting into the analysis itself, it is important to first give insight into what
ELRs look like in Australia and some of the differences between their facilities
versus the ones found in North America. For starters, there is no official
classification for ELRs. In some parts of the country they are known as ‘Class 5b
roads’, though in Queensland Australia, the state where all the ELRs for this
analysis are located in, they do not use any official terms or classifications for
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these facilities. However, a contact within Queensland’s Department of Transport
and Main Roads was helpful in establishing criteria for these ELR-type roads
while also providing us with Queensland road network data and crash data to aid
in this analysis. The way these facilities are classified in Queensland are as 1lane roads that have larger than normal lane widths and have no sidewalks
present. While they aren’t explicitly classified as ELRs, the movement patterns
on these roads mirror ELRs which is why they were included in this analysis.
Vehicles are expected to travel in the middle of the lane while cyclists and
pedestrians stick to travelling on the outside of the lane. If two vehicles are
approaching each other, they are also allowed to dip into the shoulders on their
respective sides to safely navigate around each other. More details on the criteria
used to identify the ELRs in Queensland are available in the next section.
Another important thing to note is that the ELRs in Australia are actually older
facilities that have been in effect for a long time. Because of this, the
improvements made to this road are actually to expand to a 2-lane road to
accommodate higher traffic volumes. Contrary to how the United States has
implemented recently implemented ELRs as treatments to existing 2-lane roads
in an effort to help address VRUs on urban roads, the process is flipped in
Australia. There, the road sections were originally ELRs but were expanded to 2lane roads as treatments, most likely to accommodate for higher traffic volumes.
Using this variation of EB method has not been considered for application before,
but this new method will be detailed more extensively in its section.
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The safety analysis done in for the ELR-type facilities in Australia will differ from
the one done for North American ELRs. The reason for this is because were
unable to identify any 2-lane roads to use as comparison sites. Contrary to using
geographical criteria to select comparison sites, it was decided to try to identify
comparison sites that more closely mirror the ELR’s traffic volumes. This was
done in an attempt to prevent some of the inconclusiveness that was created in
the standard yoked comparison that was done for the North American ELRs and
their respective comparison sites. However, there were not enough 2-lane roads
identified that had similar AADTs to the identified ELRs. Because of this,
comparison sites were not used for Australian analysis.

Study Site Selection
For the Australian ELR facilities, there were two separate groups of study sites
identified, one for each type of safety analysis that will be conducted for these.
Starting with the standard analysis of the relationship between traffic volumes
and crash history on ELR-type roads, the first group of study sites to was chosen
from the 2018 Queensland roadway network inventory and filtering through it to
identify ELRs based on their facilities. This inventory showed every 100m section
of road present in the state of Queensland, and the following criteria were used
to identify ELR facilities based on consultation with local transportation
authorities in Queensland:
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•

Number of Lanes = 1

•

Located in rural area

•

Speed Limit > 60 km/hr

•

Seal Width < 6m

•

No centerline rumble strips or shoulder rumble strips

Because a lot of the rural roads in Queensland span for hundreds of kilometers,
having several continuous sections of ELRs along one road was common. The
2018 AADT of each section was also provided in the Queensland roadway
network inventory, so this was also included for each ELR section in table 11. In
order to narrow the finalized list of ELRs to use for analysis, facilities that less
than a minimum of 15 km of ELR sections along their roadways were filtered out.
While all these ELRs are a lot longer in length than the North American ELRs
were, this is acceptable because rural roads often have longer segment lengths
than urban roads do, especially in Queensland. Tables 11 and 12 display the 20
roads that will be used in the first part of this analysis. ‘Tdist’ is the equivalent to
what postmiles are that is used by Queensland transportation officials to
differentiate and identify road sections.
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Table 11: Queensland ELRs Identified for Analysis (1/2)
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Table 12: Queensland ELRs Identified for Analysis (2/2)
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Moving forward to the second group of study sites needed for this safety
analysis, the focus is now identifying roadway sections that were expanded from
1-lane ELR-type roads to 2-lane roads in order to conduct a reverse EB analysis.
This will allow us to analyze the differences between how the roadway section
actually performed as an ELR versus how the roadway section would have
performed if it had been a 2-lane road all along. The reason why it is called a
reverse EB will be discussed further in its section. The way these roads that
experienced infrastructure changes was through looking at the yearly
Queensland roadway network from 2014-2018. To identify which roadways to
include in this analysis, we looked specifically for road sections that exhibited
ELR characteristics one year, but had another lane added the next year to form a
conventional 2-lane facility. After filtering through each yearly inventory, Table 13
below shows the sites that saw these changes and were selected for a reverse
EB analysis. Similar to the last group of study sites, facilities were only selected
for analysis if they had 0.5 km or more of roadway that saw these infrastructure
updates.
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Table 13: Queensland Corridors for Reverse EB Analysis

Data Collection Methods
Unlike the North American ELRs, the crash dataset for all the study sites in
Queensland was the same. The contact that provided the roadway network
inventory also provided the complete crash history database of all the crashes
that occurred on Queensland roads from 2014 to 2018. Each row documented in
the crash dataset represents one crash, with the crash type, crash severity,
date/time of crash, and location of crash based on the road it was located on
along with its ‘TDist’ for that given roadway. Because each ELR section’s TDist
start and end points were identified when the study sites were selected, this
made it easy to create filters in the crash dataset to identify all the crashes that
occurred on these sections. Out of the 20 ELRs in Queensland that were
selected to be used in the safety analysis, only 10 of them had experienced any
crashes from 2014 to 2018. Table 14 shows a sample of crash data collected for
these ELRs. Since the crash data all came from one uniform place and was
formatted differently than the crash data for the North American facilities, it
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allowed us to analyze different types of crashes that occurred on Australian
facilities.

Table 14: Crash Data Collected for Queensland ELRs
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In terms of collecting all the data that was needed for the reverse EB analysis, all
we needed to collect was crashes that occurred the final 1, 2, or 3 years the road
section was an ELR depending on when it was converted to a 2-lane road, the
total amount of km that was expanded from an ELR to a 2-lane facility along the
roadway, and the AADT of these 2-lane facilities to carry out the necessary
calculations. The data that was collected can be seen within the ‘Reverse EB
Analysis’ section in Table 16.

Analysis of Different Crash Types and Rates
Since there is no defined comparison sites or definite ‘before’ or ‘after’ ELR
installation for any of the 20 facilities identified in the first group of study sites, the
standard yoked comparison and traditional EB analysis employed for North
American ELRs cannot be used here. The first part of this analysis will look at the
different crash types and the rates that these crashes occur on each of the 20
ELRs identified for analysis. The types of crashes that were the focus of this
analysis were:
1. Off-road crashes
2. Head-on crashes
3. Crashes involving cyclists and/or pedestrians
Each of these crashes are perceived to happen more frequently on ELRs based
on its unconventional roadway design. The risk of an off-road crash is attributed
to the single, wide center lane used for bidirectional travel where drivers may
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overcorrect or react to late when seeing an oncoming vehicle and drive off the
road. The risk of a head-on crash is also attributed to the wide center lane, but
would occur if drivers approaching from both directions did not notice each other
and react in time to avoid hitting each other by dipping into their respective edge
lanes. The risk of crashes involving bikes or pedestrians stems from vehicles,
bicyclists, and pedestrians all sharing the same pavement space on the road and
the concern that this puts VRUs in danger rather than provide them with more
access. It was important to analyze these specifically to either reinforce or
disprove the perceived risks that road users may have when it comes to traveling
on ELRs. Table 15 below shows how many km of the road is an ELR, the 2018
AADT provided for each roadway, amount of different crash types each road
experienced as well as the total amount of crashes that ocurred. It differs from
table 14 in that it includes the 10 ELRs that did not have any crashes occur from
2014-2018.
One thing to notice from table 15 is that there were no head-on crashes or
crashes involving bikes and/or pedestrians that occurred on any of the 20 ELRs
that were chosen for analysis. That being said, most of the crashes that did occur
at the study sites were run-off crashes where the driver lost control of the vehicle
and drove off the road to either avoid an object in the middle of the road. After
having done more research to look into what specifically caused the vehicles to
run off the road, there were two main causes. The first and most frequent cause
for a majority of the recorded off-road crashes was due to drivers losing control of
their vehicles at curves, which can attribute blame to the driver and not
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necessarily the ELR design. The other common cause of the rest of the off-road
crashes was due to objects being present in the roadway that drivers did not
notice until it was too late, causing them to swerve off the road.
After these crashes were compiled, the crash rates for each crash type was
calculated for each facility. The FHWA provides guidance on how to calculate
these crash rates. See Figure 2 below to see the equation and its inputs.

Figure 3: FHWA Method for Calculating Crash Rates
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Table 15: Crash Counts for Queensland ELRs
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Table 16 below shows these calculated crash rates for each ELR based on crash
type. Relatively speaking, the crash rates for each ELR and their specified crash
types are very low as there is no crash rate that exceeds 62.508 crashes/million
VMT, which already in itself is a very low value. Even then, half of the facilities
examined did not experience any crashes on their ELR sections. Thus, it can be
assumed that these ELRs provide positive safety effects that provide all users
with a safe travel experience. To reinforce these findings, a reverse EB analysis
will be conducted next to provide more robust findings that more clearly
determine how safe these rural ELR facilities are in Queensland, Australia.
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Table 16: Calculated Crash Rates for Queensland ELRs
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Reverse EB Analysis
Starting in North America, ELRs are implemented on 2-lane facilities and replace
them, acting as treatments to help reduce maintenance costs and improve
multimodality. However, as mentioned earlier in this chapter, ELR-type facilities
are seen to have existed in Australiafor many years and are the original
roadways for many of these rural facilities. As such, 2-lane roads are
implemented and replace these original ELR sections as travel demand
increases. While there was no concrete criteria or explanation for why the
facilities had a lane added to them, it is highly possible that they were expanded
to accommodate for higher traffic volumes. One argument that supports this
claim goes back to when there little to no 2-lane roads in Queensland that could
serve as possible comparison sites for the existing ELRs. This was because the
criteria for identifying these was based on looking for faciltiies with similar AADT
values, and there were no 2-lane roads that matched or almost matched the
traffic volumes exhibited on the ELRs. All otherwise matching roadway sections
had a higher AADT than the corresponding ELRs.
While the same EB method from chapter 2 will be used, it is considered
‘reversed’ because we are no longer trying to calculate the expected number of
crashes that would have happened along the corridor after the ELR was
implemented. Instead, we are looking to calculate the expected number of
crashes that would have happened on the 2-lane roads (in the ‘before’ period)
should they have always had been 2-lane roads. The goal is to compare those
predicted crashes to the actual amount of crashes experienced on that facility
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along the ELR. Hence, it is considered a reverse EB analysis because the
calculations made for this analysis describe expected crash trends in the ‘before’
period using the methods outlined by the HSM 2-lane rural roads and compare it
with the actual crash history experienced by the ELR road sections. Ultimately,
an almost identical comparison between ELR and 2-lane road crash history that
was done in chapter 2, with the only difference between that analysis and this
one being the temporal direction in which the crash data is analyzed. Instead of
being provided a glimpse of the future, this study gives better insight to the past
ELR facilites that were converted to 2-lane roads.
For this reverse EB analysis, the instructions outlined by HSM were followed for
completing EB analyses on rural 2-lane roads since all of the sites are located in
rural areas. This approach requires the estimation of expected, counterfactual
crash counts as a weighted average of two sets of crash counts:
1. Predicted crash counts obtained using the SPFs for rural 2-lane roads

2. Average crash counts based on the years after the road was expanded to
2 lanes and got rid of the ELR
The resulting yearly crash frequencies calculating using this reverse EB method
represented the amount of crashes that would have occurred on those sections
of road if they had always been 2-lane roads and not ELRs at one point. These
were compared with the actual observed crash frequencies on the ELRs one
year before it was changed to a 2-lane road. This allows us compare the
predicted crashes that would have occurred along the facility if it had always
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been a 2-lane road with the observed accidents that actually happened on the
ELR leading up to its infrastructure change, giving us a direct means of observing
their safety effects. To make it easier to see and quantify these safety effects, the
CMF for each study site was calculated using a ratio of the actual experienced
crash rate on the ELR over the expected crash rate if it had always been a 2-lane
road just like in chapter 2. A CMF of less than one implies that the facility
experienced a crash reduction and shows that the ELR has experienced less
crashes than the predicted amount. The results of the completed reverse EB
analysis can be seen below in Table 17. It is important to note that the calculated
number of crashes the facility is expected to experience reflects the amount of
crashes that would have happened on that facility if the ELR had never existed
and the roadway always had a conventional, 2-lane design. The CMFs for each
facility are calculated in table 17 by dividing the number of observed crashes on
the facility when it was an ELR (Nobs) by the number of expected crashes if the
facility had been a 2-lane road using reverse EB (Nexp).
An important thing to mention is that this reverse EB analysis only compares the
1-year expected crash counts with the actual counts that occurred on the ELR 1
year before it was expanded to a 2-lane road for those facilities that were
converted in 2015. The reason for this is the amount of data that was made
available by the Queensland Department of Main Roads and Transport. Access
was only provided to crashes occurring from 2014-2018, these sites were
expanded in 2015, meaning that there is only 1 year of crash data available on
the facility before it was converted to a 2-lane road. However, those ELRs that
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were expanded in 2016 compares 2-year expected crash frequency with 2 years
of crash volumes observed on the ELR before it was converted, and the ELR
expanded in 2017 compares 3-year crash volumes. The reason why there are
different amounts of crash counts chosen as opposed to one consistent amount
of crash volumes along the road is because the more years of data used for EB
method, the more reliable the estimated CMF will be.
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Table 17: Results of Reverse EB Analysis
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Results and Discussion
Starting with the analysis of crash counts and rates experienced on the
Australian ELRs from 2014-2018, the results were promising. The highest
amount of crashes a road experienced along its ELR sections for 5 years was 2.
In addition, there were no crashes that involved head-on collisions or bikes
and/or pedestrians, which is another good indicator that the road users traveling
along this road have a good understanding of how to navigate and travel along
ELRs. While there was a relatively high amount of off-road crashes, a lot of these
were attributed to the following two scenarios: objects being in the middle of the
road that caused drivers to react and swerve in an attempt to avoid these objects
and drivers not properly navigating curves and going off-road as a result of taking
the turn too quickly or incorrectly. Thus, it can be assumed that the off-road
crashes that did occur along the ELR sections were not caused due to the ELR’s
unconventional design, but rather to extenuating, unpredicted circumstances or
driver error in navigating a curve. The results from this analysis indicate that
ELRs in Australia are very safe and easy for its road users to navigate. However,
because there are no control sites to compare these crash counts and rates with,
we cannot definitively conclude that these facilities are safer than 2-lane roads.
Thus, a more robust analysis was required in order to provide more insight the
differences in terms of safety effects between the ELR road sections and 2-lane
road sections.
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A reverse EB approach was used in order to compare the safety effects of ELRs
and traditional 2-lane roads. Out of the 8 facilities that were identified to have
been expanded from an ELR to a 2-lane road, 5 of them experienced CMFs
higher than 1, indicating an increase in roadway crashes. Out of the those, 3 had
significantly high CMFs, with values of 4.723, 6.515, and 8.164, despite each of
those facilities having had only experienced 1 or 2 crashes the last year before
their road sections were converted to 2-lane roads. One reason that can explain
why these CMF values are so high is because there is only 1 or 2 years of
expected and observed crash data available that is being compared. The more
years that are available to conduct this EB analysis for, the more accurate the
CMFs will be. On the other hand, the 3 ELRs that saw a reduction in crashes all
had CMF values of 0, indicating that no crashes occurred along these facilities
when they were ELRs. Overall, we could say that the results for this analysis are
inconclusive considering the results of the previous analyses that all indicated
ELRs having more safety effects than traditional 2-lane road. It may also be
dependent on the context. However, more data from recently converted facilities
may provide the answer. It does seem to indicate that conversion was a right
course of action since the facilities observed more crashes as ELRs than they
would have had they always been 2-lane roads. It is also possible that these
sites were systematically chosen for conversion. we suggest a more in-depth
reverse EB analysis be conducted on these facilities should there be more crash
data available for use in order to provide more conclusive results.
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Similar to what chapter 2’s analysis represented for North American ELRs, this
chapter is the most comprehensive safety analysis of ELRs in the Australia to
date. In addition to this providing a solid foundation for future ELR safety
analyses, the reverse EB analysis that was explained and applied above is an
innovative way to apply the predictive safety method. There is currently no
guidance or instruction provided for applying the EB method the way it was in this
chapter, where crash trends after a treatment were used to calculate the number
of crashes that would have occurred should the treatment have been installed
earlier. Using this new application was fairly straight-forward to complete, and it
could be used in the future as another tool to determine how effective different
road treatments are in promoting safety.
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CHAPTER 4: CONCLUSIONS AND SUBJECTS FOR FURTHER RESEARCH
Overall, the safety analyses completed in this thesis for North American ELRs
and Australian ELRs lay a solid foundation for future studies focusing on ELR
safety effects to build off of. Most of the findings of these analyses were
favorable and support the notion that ELRs provide more safety benefits than
traditional 2-lane roads do. However, the reverse EB analysis done on Australian
ELRs did not yield favorable results and was ultimately inconclusive due to
insufficient data and the mixed results. I recommend that more analysis should
be done for both groups of ELRs as more data becomes available since this both
parts of the analysis was limited by the data that was available.
Starting with the North American ELRs, it is important to note that while there are
over 35 ELRs that have already been implemented, only 13 of them had enough
crash data available to thoroughly analyze the safety effects using a standard
yoked comparison and EB approach. While this is to be expected since a lot of
these ELRs are fairly new facilities that have limited data collected on them, we
suggest the following same analyses be done in the future for the rest of the
ELRs once that data is made available to further aid in the argument that ELRs
are an effective solution for making rural roads in CA more SB-1 compliant. In
addition to this, there was also a lack of bicyclist and pedestrian volumes that
were quantified and made available to the public. We would also suggest that a
future study be made that analyzes bicycle and pedestrian volumes before and
after the ELR was implemented to determine whether these facilities really are
effective in improving multimodality.
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Moving over to suggestions for further analysis on the Australian ELRs, the first
thing we would suggest doing is identifying comparison sites to use so a
comparison analysis can be made. Since this thesis has shown that there are
little to no 2-lane roads in Queensland, Australia that have AADTs that match
what the ELRs experience, we suggest using different criteria to identify these
comparison sites. Whether they be found based on physical or geographic
characteristics like the ones found for the North American ELRs or another
criterion, comparison sites are crucial in helping identify the safety effects of
ELRs compared to traditional 2-lane roads. Once these were identified, we would
suggest doing a standard yoked comparison similar to the one done in chapter 2.
With regards to the reverse EB analysis, we suggest identifying more facilities
that were expanded from ELRs to 2-lane roads and conducting a thorough
analysis on them that incorporates more crash data from the ELR than 1 or 2
years.
In conclusion, the findings and results that came from this thesis are somewhat
positive and back the claims that ELRs provide a safer experience for all road
users when compared to a traditional 2-lane road. Given that these analyses
conducted serves as the foundation for future studies that analyze the safety
effects of ELRs and is the first of its kind, we look forward to seeing more studies
focusing on ELRs and the safety effects they provide to all road users. If we had
to base my decision solely on the safety analyses in this thesis, we would
recommend that the State of California moves forward with installing a few
experimental ELRs, specifically located in rural areas. These facilities should be
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closely monitored, with traffic volumes, pedestrian volumes, bicycle volumes, and
all crashes occurring along these roads being recorded. I also suggest holding
public meetings and forums to help alleviate any concerns citizens may have
surrounding this new roadway and educating them on how to use these new
roadways. This provides citizens with the opportunity to air their grievances and
gain a better understanding of the changes and why they are occurring. Public
outreach can not only be a powerful tool to have something implemented, but it
as just as effective when aimed at removing systems or components. This can be
illustrated in Edina, MN and Cambridge, MA, where both initially had another
ELR facility present, but it was quickly removed after the public spoke out and
fought this new roadway installation. As such, the next step for implementing
ELRs on a widespread basis is to educate and inform the public of these facilities
in hopes that they will support them. If, after a few years, a safety analysis is
conducted on these experimental ELRs and their results are also favorable as
they were in this thesis, then the State should move forward with slowly
implementing more ELRs in its rural areas to improve multimodality, reduce
maintenance costs, and helping the state meet its SB-1 objectives.
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